This study aims to explain effects of soil textural class, topography, land use, and land use history on soil greenhouse gas (GHG) fluxes in the Lake Victoria region. We measured GHG fluxes from intact soil cores collected in Rakai, Uganda, an area characterized by low-input smallholder (<2 ha) farming systems, typical for the East African highlands. The soil cores were air dried and rewetted to water holding capacities (WHCs) of 30, 55, and 80%. Soil CO 2 , CH 4 , and N 2 O fluxes were measured for 48 h following rewetting. Cumulative N 2 O fluxes were highest from soils under perennial crops and the lowest from soils under annual crops (P < 0.001 for all WHC). At WHC of 55% or 80%, the sandy clay loam soils had lower N 2 O fluxes than the clay soils (P < 0.001 and P = 0.041, respectively). Cumulative soil CO 2 fluxes were highest from eucalyptus plantations and lowest from annual crops across multiple WHC (P = 0.014 at 30% WHC and P < 0.001 at both 55 and 80% WHC). Methane fluxes were below detectable limits, a shortcoming for using soil cores from the top soil. This study reveals that land use and soil type have strong effects on GHG fluxes from agricultural land in the study area. Field monitoring of fluxes is needed to confirm whether these findings are consistent with what happens in situ.
Introduction
Greenhouse gas (GHG) fluxes from agricultural systems have contributed to increases in the atmospheric concentrations of N 2 O, CH 4 , and CO 2 and thus to climate change (Smith et al., 2014) . The contribution of GHG fluxes from agricultural activities, including land use change to total anthropogenic GHG fluxes, is estimated at approximately 24% (Intergovernmental Panel on Climate Change, 2014). Non-CO 2 GHG fluxes from agriculture were estimated to have increased annually by 1.1% in the period 2000-2010 , mainly due to the increased use of synthetic fertilizers and increased fluxes from livestock production. Agricultural systems are the greatest source of GHGs in most developing countries (DeFries & Rosenzweig, 2010) , particularly in sub-Saharan Africa where smallholder farmers dominate agricultural activities (Altieri & Koohafkan, 2008) . Initiatives such as the Green Climate Fund aim to support developing countries' smallholder farmers to improve agricultural productivity under a changing climate while aiming at the same time to mitigate GHG fluxes (Beddington et al., 2012) . However, effective targeting for such initiatives requires detailed knowledge of GHG emission hot spots and of promising agricultural practices to reduce GHG fluxes (Olander et al., 2013) .
Production and flux rates of N 2 O from the soil are governed primarily by the availability of reactive N, soil aeration (Firestone & Davidson, 1989) , and gas diffusivity (Balaine et al., 2013) , which are related to soil water content and texture (Davidson et al., 2000) . Most N 2 O from soils is produced by either nitrification or denitrification (Baggs & Philippot, 2010) . Most aerobic processes (including nitrification) increase with increasing water content up to approximately 60% water holding capacity (WHC) (Bowden et al., 1998; Linn & Doran, 1984) , at which point oxygen availability tends to become limiting for microbes. However, because denitrification requires anaerobic conditions, N 2 O fluxes have been found to peak at around 80% WHC (ButterbachBahl et al., 2013; Davidson, 1991) .
In the tropics, land use change from natural vegetation (i.e., indigenous forests, woodlands, and wetlands) to agriculture land is common. For example, between 1980 and 2000 approximately 83% of new agricultural land in the tropics came from the conversion of intact and/or degraded forests (Gibbs et al., 2010) . Land use change from natural forests to agriculture results in alteration of soil physical and chemical properties (Don et al., 2011; Majaliwa et al., 2010) and affects GHG fluxes (García-Marco et al., 2014; Muñoz et al., 2011; Signor & Cerri, 2013) . Additionally, soil temperature, pH, and available soil carbon, which vary with slope position, soil texture, and land use (Gregorichet al., 1998) , also influence the production of N 2 O. For example, the amount of labile C was found to be positively correlated with the N 2 /N 2 O ratio (Weier et al., 1993) , which in turn can also affect the amount of N 2 O emitted from soils.
Our objectives were to assess GHG fluxes in controlled incubation experiments of intact soil cores from diverse soil texture classes taken from different land uses, slope positions, and with various land use histories at three water holding capacities. More specifically, we addressed the following research questions (RQs):
1. To what extent do slope position, soil textural class, and topography affect the soil N 2 O, CO 2 , and CH 4 flux potential (i.e., the maximum N 2 O flux from the soil cores incubated at an optimal WHC) in the study area? 2. Does time since conversion (from natural forests to agricultural land use) affect the soil N 2 O, CO 2 , and CH 4 flux potential?
Materials and Methods

Study Area
This research was conducted at the Climate Change Agriculture and Food Security (CCAFS) Research Program benchmark site of Rakai, located in Southern Uganda, represented by a 10 km by 10 km area with the center located at latitude À0.667, longitude 31.437. The annual precipitation pattern at Rakai is bimodal with the "short rains" occurring between March and May and the "long rains" between September and December. The average annual rainfall for the periods 1963 to 1975 and 1999 to 2005 was 1,039 mm (Orlove et al., 2010) , and the average annual temperature was 21.5°C (Lufafa et al., 2003) . This landscape is typical for much of the East Africa highlands, characterized by undulating flat hilltops and numerous elongated hills with valley bottom swamps, including stream wetlands (Langlands, 1964) .
Smallholder agriculture dominates the landscapes of the study region, with the farming system classified as "Banana-robusta coffee farming" due to its main cash crops (Taylor et al., 2011) . Maize is grown as a secondary cash crop and for domestic consumption. Root crops and several annual or biennial food crops such as beans, sweet potatoes, and cassava are also commonly grown (Silvestri et al., 2015) . Banana-based farming systems are typical for much of the highlands of Uganda, western Kenya, Tanzania, Rwanda, Burundi, and East Democratic Republic of Congo (VanAsten et al., 2004) . Besides cropping as an agricultural activity, farmers also keep cattle, goats, and poultry, although typically in small numbers (Kristjanson et al., 2012; Silvestri et al., 2015) . The use of external nutrient inputs is low and limited to mulch and manure in 20% and 7% of the banana fields, respectively (Silvestri et al., 2015) . The use of external nutrient inputs in other crops is also insignificant (Silvestri et al., 2015) .
Soil Types
The soils typically originate from shales and phyllites in the upland areas, although quartz mica and mica schists are common parent materials for the upland soils in the eastern part of the study area. In the lowland areas around lakes, soils are rich in organic matter (Food and Agriculture Organization of the United Nations 
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Because the information on soils distribution within the specific study area was rather limited, indigenous knowledge was used for mapping the distribution of farmer-defined soil types in the study area (Gowing et al., 2004; Macharia, 2005; Payton et al., 2003) . Three key informants (i.e., local people who are knowledgeable about soils) characterized the soils at the village scale, which resulted in the identification of five soil types. We then verified the classification by ground truthing the soil distribution along with local experts. Three of the identified soils were classified as Acrisols but differed in texture of the top layer as follows: clay, sandy clay loam, and silty clay loams with the first two textures the most common in the study area. The fourth type, Leptosols, was widespread on the upper and top slope positions of the landscape, while the fifth soils were the Gleysols in wetlands.
Mapping of Land Use and Land Cover
To characterize land use and land cover, World-view 2 images (0.5 cm spatial resolution, 0% cloud cover, taken in July 2013) with eight-band multispectral data were selected. In addition to the original spectral bands, the normalized difference vegetation index (NDVI) was calculated as the difference between nearinfrared and visible reflectance values over the sum of the two (Rouse Jr et al., 1974) . NDVI was used to enhance the differences between vegetated and nonvegetated surfaces and for partitioning of different vegetation densities. In addition, wavelet-based texture information was added to the spectral bands and NDVI to aid in identification of some classes that are best distinguished based on texture (Roach & Fung, 1994; Zhu & Yang, 1998) . Principal component analysis was used to condense the information into three uncorrelated principal components (PCs) (Swan et al., 1995) . The Mean Shift algorithm Comaniciu & Meer, 2002) then was run on the three PCs to produce image objects, groups of connected pixels that share common properties (i.e., low intraobject variability) while being different from neighboring objects. Since our main focus was on agricultural land use, particular attention was paid to correctly delineate field boundaries. The RF-classifier algorithm (Breiman, 2001 ) was used to assign features of a given image object to one of the 16 user-specified land cover classes. Land cover classes were ground truthed by resampling 50 points of each of the 16 classes; these were further merged into seven classes (Table 1 ). The overall classification accuracy was 80%. Table 1 shows the respective areas of land uses from the classification.
Sampling Sites Selection
We conducted two different laboratory experiments to address each of the research questions, each from a different research site (R1 and R2).
1. To study the effects of land use (LU), soil texture, and slope position on GHG flux potentials (R1), we selected sites from three land uses and two dominant soils that differed in texture (clay and sandy clay loam Acrisols) along two slope positions (lower and middle slopes). The LU included (i) perennial crops (coffee-banana intercrop or banana plantation), (ii) annual crops (maize and bean intercrops were dominant, but sorghum and potatoes also occurred), and (iii) eucalyptus plantations. These land uses formed the major part of the agricultural landscape (Table 1) , with our sampling locations distributed across the study area. The lower and middle slope positions were selected because most agricultural activities are focused there. Soils on the upper slope positions are typically shallow and rich in gravel, so they are rarely used for agriculture. 2. To study the effects of land use history on soil GHG flux potentials (R2), soil sampling focused on a small patch of approximately 4.5 ha of remaining natural forest in the study area. This area was selected as a control in order to assess the effect of time since conversion. We also sampled four fields adjacent to the forest that had been converted to agriculture either 3 or 50 years ago and are currently planted with banana (3 years + 50 years) or maize (3 years and 50 years). However, the maize field of 50 years had been left fallow for the previous 2 years.
Soil Core Sampling
Seventeen landscape units (land use and or combinations of soil and landscape position) were randomly selected, with each type being replicated 3 to 10 times to address R1 and R2. The number of replicates 
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used was related to how common each land use was in the area. We sampled 74 and 22 points for R1 and R2, respectively ( Figure 1 and Table 2 ). At each point, the actual farming practice was recorded and farmers were interviewed to obtain information on organic and inorganic fertilizer use, field management, and years since conversion from natural vegetation. Fifteen intact soil cores were taken at three points along a transect spanning the site (e.g., a farmers' field or a forest patch). Intact soil core sampling was done using polyvinyl chloride (PVC) cylinders (5 cm diameter ID, 5 cm height) with the bottom edge sharpened. After careful removal of the organic layers, these cylinders were pushed into the mineral soil, carefully removed, sealed with Parafilm©, placed in a cooled insulated box, and transported within 2 days to the soil and greenhouse gas laboratory of the Mazingira House at the International Livestock Research Institute (ILRI), Nairobi. In addition, a soil sample (5 cm depth) was taken adjacent to each of the three points where the soil cores were taken, and these three additional samples were thoroughly mixed to obtain a composite Map showing the study area in Rakai, Uganda, with its land use and selected sampling sites. The area used in R2 is highlighted in a black circle; all other points were sampled for R1. The area within the blue dotted boundary is predominantly sandy clay loam Acrisols, while the area within the brown solid boundary is predominantly clay Acrisols.
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soil sample for each landscape unit. The composite soil samples were used for determination of pH, texture, total carbon, and total nitrogen.
Soil Characterization and Treatment
Soil pH was determined in 1:2.5 soil-water slurry using a glass electrode (Jackson, 1958) . Soil organic carbon (SOC) and total nitrogen content (TN) were determined on finely grounded air-dried soils by an elemental combustion system (ECS 4010, Costech Instruments, Italy). Because the soils were taken from the top 5 cm and were acidic with a pH < 7 (Table 2) , we assumed that there were no carbonates and that the soil organic carbon (SOC) was equal to the total carbon (TC). Out of the 15 soil cores per sampling site, three soil cores were oven dried at 105°C for 24 h to determine bulk density. The remaining 12 cores were air dried at 30°C for a period of 3 days. Three of the air-dried soil cores were used to determine the maximum water holding capacity (WHC) (Gardner, 1986) . The remaining nine cores were divided into three sets, and each set was rewetted to a specified level of water holding capacity (30, 55, or 80%) by adding the appropriate amount of distilled, deionized water. These water contents were used for all cores because previous studies in the Lake Victoria region have found that soil moisture often ranges between these values, that there is typically no differences in water-filled pore space (WFPS) between land uses, and that peak N 2 O emissions tend to occur at soil moisture contents between 55 and 80% WFPS (Pelster et al., 2017; Wanyama et al., 2018) .
Determination of Soil Greenhouse Gas Production
To estimate GHG flux rates at different soil moisture contents, the soil cores mentioned above were placed in glass vessels (volume = 847 cm 3 ) and incubated at 20.5°C in a Lovibond Thermostatic Chamber (Dortmund, Germany). At each sampling time, the lid of the glass vessel was screwed on tightly to ensure that the vessel was gas tight. Gas sampling from the headspace of the vessel was done immediately and then after 15, 30, and 45 min, via a septum placed in the lid. The gas samples were immediately injected into a gas chromatograph equipped with a 63 Ni electron capture detector and a flame ionization detector (GC, SRI 8610C) for analyses of N 2 O, CH 4 , and CO 2 (using a methanizer) as described by Schindlbacher et al. (2004) . The GC system 
Journal of Geophysical Research: Biogeosciences
10.1002/2017JG003856
was calibrated several times per day using standard gas mixtures (Linde Gas, Germany). The GC minimum flux detection limits (Parkin et al., 2012) Production/consumption rates of N 2 O, CH 4 , and CO 2 were calculated from linear changes in headspace gas concentrations over time (0, 15, 30 , and 45 min) following the gas tight closure of the vessels. Less than 2% of the headspace was removed for sampling, so no adjustments were made to account for any reductions in headspace pressure with sample withdrawal. GHG flux rates of the three individual cores from each site were first measured under air-dried conditions twice before wetting (none of the GHG fluxes were significantly different from zero). Thereafter, each set of cores was rewetted by addition of distilled/deionized water until a target WHC level (30, 55, and 80%) was reached. We used these water contents because as mentioned earlier, aerobic processes tend to be maximized at around 55% (Howard & Howard, 1993) , while denitrification tends to peak at approximately 80% WHC (Bollmann & Conrad, 1998) . This should allow the greatest chance of detecting meaningful differences between the flux potentials of the different land uses, soil types, and slope positions.
GHG production rates were measured at 4, 24, and 48 h following rewetting. Soil moisture contents were maintained throughout the experiment by weighing vessels daily and, if needed, adding appropriate amounts of distilled water at least 3 h prior to taking flux measurements. Cumulative gas fluxes were calculated by integrating the area of all measurement points for the 48 h period following rewetting.
Data Analysis
Data were analyzed using R 3.0.3 (R Core Team). The fixed effects of land use, soil type, and slope position on potential fluxes were tested using analysis of variance (ANOVA). We used Type III sums of squares because the sample sizes were not the same across the treatment combinations. The analysis was done separately for each WHC. Cumulative GHG fluxes for the 48 h period were Log 10 transformed or Box-Cox transformed where necessary to approximate a normal distribution. The residual plots of the ANOVA model were used to test for homogeneity of variance. Comparisons between means were made using Tukey HSD on the fitted model. Pearson's correlation was used on transformed data to test for relationships between cumulative fluxes and soil properties.
Results
Soil Properties
For soils sampled to address research question R1, SOC and TN concentrations were lowest in fields under annual cropping and highest in fields under perennial cropping and eucalyptus plantations (Table 2) . There were large differences in SOC and TN concentrations between the different soil textures. The mean (±SE) SOC concentrations were 3.07 ± 0.31% and 1.99 ± 0.28% for the clay and sandy clay loam soils, respectively, and the mean TN concentrations were 0.26 ± 0.05% and 0.15 ± 0.02% for the clay and sandy clay loams, respectively. Soil pH ranged from slightly acidic to strongly acidic, with lowest values (between pH 4.3 and 4.8) found in the eucalyptus plantations (Table 2) . Unlike land use and soil texture, slope position had no effect on soil parameters. The C:N ratios ranged from 11.4 to 15.7; the highest was found in soils from eucalyptus plantations.
For R2, the soil textural class was solely silty clay loam with clay contents ranging from 31 to 39% (Table 2) . The highest SOC and TN concentrations were found at the natural forest site. Soil pH ranged from 5.6 to 6.4, while C:N ratio varied from 10.9 to 12.1.
Soil N 2 O and CO 2 Fluxes From Different Landscape Units (R1)
Cumulative N 2 O fluxes from the intact soil cores varied across soil water content, land uses, and soil textural classes. For all sampling sites, N 2 O fluxes at 80% WHC were at least 1 order of magnitude higher than fluxes from soils at 55% and 30% WHC (80% WHC: 11.0 ± 1.2, 55% WHC: 0.8 ± 0.2, and 30% WHC: 0.2 ± 0.0 mg N 2 O-N m À2 48 h À1 ). Land use had an effect on N 2 O fluxes at all WHC (P < 0.001). At 80% WHC N 2 O fluxes were highest from soils from perennial crops (P < 0.001), while fluxes from eucalyptus plantations were similar to those from annual crops (Figure 2) . At 55% WHC, N 2 O fluxes from soils under perennial crops were higher than from under annual crops under both soil textural classes (P < 0.001, Figure 2 ). However, soil N 2 O fluxes
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from eucalyptus plantations were similar to fluxes from annual crops for the sandy clay loam soils but not for the clay soils showing an interaction between the soil texture and land use (P = 0.013, Figure 2 ). The fluxes from clay soils were higher than the fluxes from the sandy clay loam at both 80% (P = 0.041) and 55% WHC (P < 0.001; Table 3 ).
Mean cumulative CO 2 fluxes during the 48 h post rewetting period across all land uses ranged from 0.7 to 3.2 g CO 2 -C m À2 48 h À1 (Figure 3 ). Cumulative soil CO 2 fluxes were similar for soils rewetted to 80% and 55% (P = 0.91) WHC and lowest from soils incubated at 30% WHC (P < 0.001). Cumulative soil CO 2 fluxes from eucalyptus soils were greater than soils from annual and perennial crops at 80% WHC (P < 0.001), while at 55% WHC eucalyptus plantation and perennial crops fluxes were similar (P = 0.056, Figure 3 ). Cumulative ) emissions at 30, 55, and 80% water holding capacity (WHC) and under different land uses and soil texture following rewetting of dried soil cores for 48 h at plots sampled for R1. Same letter(s) indicate lack of significance (p > 0.05) at respective % WHC. Error bars represent standard error of means. At 30% WHC soil textural class and slope position were not significant so only land use is presented. Note. ST = soil texture, SP = slope position, LU = land use, n = sample size, and DF = degrees of freedom.
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CO 2 fluxes from annual crops were lower than those from eucalyptus plantations (P < 0.001) and perennial crops (P < 0.001). Slope position and soil texture did not affect CO 2 fluxes from soils at either 55 or 80% WHC (Table 3) . However, when the soils were incubated at 30% WHC, the CO 2 fluxes were higher for the sandy clay loam soils than for clay soils (P = 0.004, Figure 3) . At all WHC, the effect of land use was consistent, with higher fluxes from eucalyptus plantations (1,361 ± 209 g CO 2 -C m À2 48 h À1 ) followed by perennial crops (1,044 ± 148.4 g CO 2 -C m À2 48 h
À1
) and the lowest fluxes from annual crops (708.4 ± 61.4 g CO 2 -C m À2 48 h À1 ).
Effect of Conversion Age on Soil N 2 O and CO 2 Fluxes From Agricultural Land Uses (R2)
Conversion from natural forest to agricultural land resulted in a reduction (P < 0.001, Table 4 ) of cumulative N 2 O fluxes regardless of land use type (annual/perennial cropping system) at 55% and 80% WHC. At all soil moisture levels, cumulative N 2 O fluxes from soil cores taken from the natural forest sites were at least 50% higher than cumulative N 2 O fluxes observed for soils from annual or perennial cropping systems (Figure 4) . The highest N 2 O fluxes were observed with soil moisture of 80% WHC, exceeding those observed at 55% WHC by at least 1 order of magnitude (Figure 4 ). Time since conversion had an effect on the fluxes at 
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80% WHC (P = 0.031, Table 4), with lower N 2 O fluxes from recently (3 years or less) converted fields (P = 0.031) than agricultural sites that had been converted from forest 50 years ago (Table 4) .
At all soil moisture levels, soils from natural forest sites showed greater (at least 40% higher) CO 2 fluxes compared to soils from annual or perennial crops (P < 0.001, Figure 5 ). Soil CO 2 fluxes were not affected by land use (annual versus perennial crops) nor by time since conversion. Fluxes were, however, affected by WHC, with the highest emissions at 80% WHC and the lowest at 30% WHC (P < 0.001, Table 4 and Figure 5 ).
Soil CH 4 Fluxes
Methane fluxes from all upland sites, irrespective of land use, were not significantly different from zero (P > 0.05). Cumulative CH 4 fluxes were also close to zero and mostly below the detection limit. ) emissions at 30, 55, and 80% WHC for rewetted soil cores over a 48 h period. Soil cores were taken from plots with differences in time of conversion from natural forest (3 or 50 years) and current management (annual crops versus perennial (banana) crops). Same letter(s) above the graphs at respective % WHC indicate lack of significance (p > 0.05). Error bars represent standard error of means. ) emissions at 30, 55, and 80% WHC for rewetted soil cores over a 48 h period. Soil cores were taken from plots with differences in time of conversion from natural forest (3 or 50 years) and current management (annual crops versus perennial (banana) crops). Same letter(s) above the graphs at respective % WHC indicate lack of significance (p > 0.05). Error bars represent standard error of means.
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Relationship Between Cumulative GHG Fluxes and Soil Properties
For all sites and soil moisture levels, TN and SOC were always positively correlated with cumulative CO 2 fluxes. Similarly, soil TN and SOC were positively correlated with cumulative N 2 O fluxes for the sites sampled for R1 and R2, with the exception of R1 at 30% WHC. Soil cumulative N 2 O fluxes were positively correlated (P < 0.001) with soil pH for R1 only (Table 5) . Still, for R1 a significant relationship (P < 0.05) between soil pH and CO 2 fluxes was observed. Soil BD was negatively correlated with both N 2 O and CO 2 fluxes at R2 sites.
Discussion
Land use and soil type effects on N 2 O and CO 2 fluxes. In the banana-based systems of East Africa, a common perennial system in our study area, farmers retain banana residues and transfer large amounts of organic matter (i.e., manure, the residues from annual crops, and organic home refuse) to these plots (Briggs & Twomlow, 2002; Silvestri et al., 2015) , which results in a large accumulation of C and N in the soil. Banana plots are subjected to relatively low soil disturbance, which can stimulate further accumulation of C and N in the topsoil (Table 2) (Gál et al., 2007) . Banana residues, organic home refuse, and mulches typically have a low C:N ratio and therefore show high rates of decomposition (Raphael et al., 2012) . Therefore, this accumulation of residues with low C:N ratio could result in greater mineralization rates in the soils under the perennial crops, providing additional substrate to both nitrifiers and denitrifiers, which would result in the higher soil N 2 O fluxes from perennial crops than annual crops.
Soil N 2 O fluxes from perennial crops were higher than fluxes from eucalyptus plantations even though they had similar TN and SOC concentrations. However, the soil pH was lower (P < 0.001) in the eucalyptus stands (4.3 ± 0.16) compared to the perennial crops (6.4 ± 0.12). Zaman et al. (2012) found that the suitable pH range for nitrification and denitrification is 5 to 8, below which N 2 O production is hampered. We found soil pH ranging from 3.9 to 6.7 positively correlated with the N 2 O fluxes (P < 0.001, Table 5 ). Thus, the lower soil pH of eucalyptus plantations (Table 2) likely influenced a lower production of N 2 O fluxes.
Lower N 2 O fluxes for the sandy clay loam soils than for the clay soils at 55% and 80% WHC were likely associated with lower soil TN and SOC concentrations in the coarser sandy soil (Table 2) , as those two soil properties were positively correlated with N 2 O fluxes (Table 5) . Coarser soils tend to have higher gas diffusivity rates, which decreases the proportion of soil anaerobic microsites (Balaine et al., 2013) , leading to less denitrification. We also found an interaction between land use and soil texture at 55% where N 2 O from annual and eucalyptus land use were the same under sandy clay loams but different under clay soils. Rochette et al. 2017JG003856 (2008 reported such an interaction between soil texture and N 2 O fluxes. In our case, the additional clay content of the clay soils may have reduced oxygen entry into and diffusivity within the soil (Balaine et al., 2013) , while the higher SOC content would have increased the oxygen demand through increased microbial activity. The expected increase in soil microbial activity and reduced gas diffusivity of the clay soils at 55% WHC likely reduced soil oxygen supply leading to the creation of more anaerobic microsites where denitrification could proceed. The lower C content and greater diffusivity of the sandy clay loam soils at 55% WHC likely did not result in sufficient anaerobiosis for denitrification to occur. However, these differences in diffusivity and oxygen demand would be less of a constraint at 80% WHC when both soils would have had sufficient anaerobic conditions.
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We expected to measure greater soil N 2 O and CO 2 fluxes from the lower landscape positions as previous studies found higher soil N 2 O and CO 2 fluxes in lower landscape positions compared to hilltops or midslope positions, likely due to higher soil moisture and higher carbon and nutrient depositions (Arias-Navarro et al., 2017; Braun et al., 2013; Negassa et al., 2015) . The lack of an effect of slope position on fluxes in our study could be attributed to low soil erosion/deposition of soil nutrients given the low slope gradient among the slope positions that we studied (midslope = 11% and lower slope = 8%), which resulted in no difference in SOC and TN (Table 2) .
We also expected the greatest CO 2 fluxes to be measured in the soils of the perennial crops because the mulch, livestock manure, and kitchen wastes that farmers put on these soils should be highly labile. Fine roots and leaf litter decomposition rates in eucalyptus plantations tend to be lower than in other vegetation types such as annual and perennial crops (Lemma et al., 2007; Louzada et al., 1997) . However, we did not find differences in CO 2 fluxes between eucalyptus plantations and perennial crops at either 30% or 55% WHC, while at 80% WHC the greatest CO 2 fluxes came from the soils of the eucalyptus plantations (Figure 2 ). Therefore, it is possible that the mulch added to the perennial crops may not be as labile as initially thought. However, the farmers tend to pile the mulch on the soil surface rather than incorporating the mulch into the soils, so much of the labile C in the mulch will be consumed by the microbial community within the mulch itself. As we removed the mulch when collecting the soil cores, the C that was left in our incubations, according to the Microbial Efficiency-Matrix Stabilization framework, would tend to be the more stable microbial products (Cotrufo et al., 2013 ) that had leached into the underlying soils from the mulch above.
Soil N 2 O fluxes can be constrained by the availability of inorganic-N substrate for the microbial processes of nitrification and denitrification and the availability of labile organic carbon, which acts as an electron donor during the denitrification process (Swerts et al., 1996) . Previous studies have suggested that traditional farming methods, that is, continual cropping with no or low inputs, have led to N depletion in most farming systems in Africa (Chianu et al., 2012; Sanchez, 2002; Zhou et al., 2014) . The average mineral fertilizer use on arable land for the study area in 2011 was less than 1 kg mineral fertilizer per ha À1 yr À1 (Silvestri et al., 2015) , and among the plots we sampled, only one farmer applied fertilizer (diammonium phosphate) during the previous growing season. The low application rates of organic manure are insufficient to compensate for environmental N losses (leaching and gaseous) and N removal through crop harvests (Bekunda et al., 2004) . Zhou et al. (2014) found that soil N mining (i.e., N removed or lost from the site without being replaced) averaged approximately 20 kg N ha À1 yr À1 for the Lake Victoria basin, where our study site at Rakai is located.
Similarly, negative soil N balances have been reported for other farming systems in Uganda (Ebanyat et al., 2010; Wortmann & Kaizzi, 1998) and elsewhere in sub-Saharan Africa (Chianu et al., 2012) . Since mineralized N has previously been correlated with total soil N (Cornfield, 1952; Winsor & Pollard, 1956) , it is likely that similar to the in situ measurements by Pelster et al. (2017) , the low N 2 O fluxes from the annual crops were at least partially caused by low soil inorganic-N concentrations.
CH 4 Fluxes
Methane fluxes could not be detected as most measurements were below the detection limit in all the upland soils. Methane oxidation and production occur concurrently in upland soils by methanotrophic and methanogenic bacteria, though uptake has been shown to dominate under dry and low soil moisture conditions (Smith et al., 2000) . Management practices such as cultivation have been shown to have a long-term negative impact on CH 4 uptake (Jacinthe et al., 2014; Priemé et al., 1997; Ussiri et al., 2009 ) as a result of the destruction of soil structure causing less favorable microenvironment for methanotrophic bacteria.
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However, in our study we used only the top 5 cm, while methane uptake and production occurs mainly in deeper soil layers (Hütsch, 1998; Saari et al., 1997; Whalen et al., 1992) , which is likely the reason why we measured no methane fluxes.
Land Use History Effects on GHG Fluxes
Natural forests had higher N 2 O and CO 2 fluxes than perennial and annual crops. Natural forests also had higher SOC and TN compared to crops (Table 2) , which were highly correlated with N 2 O and CO 2 fluxes (Table 5) . Reductions in the SOC and TN pools are associated with decreased litterfall (Yang et al., 2007) . Management practices such as burning and tillage during land clearing result in loss of SOC and TN stocks (Davidson & Ackerman, 1993; Ma et al., 2004; Post & Mann, 1990) , which together with crop nutrient mining lead to negative nutrient balances (Ebanyat et al., 2010; Zhou et al., 2014) . The effect of land conversion for N 2 O fluxes was largest at 80% WHC (P < 0.001), with the highest flux reductions for recently converted annual cropping sites (approximately 3 years) compared to sites managed at least 50 years for both annual and perennial cropping. For soil CO 2 , there was no difference between long-and short-term conversion histories. We hypothesize that the lower N 2 O fluxes from recently converted land was related to field management as sites converted several decades ago are most likely those sites that were most suitable for agriculture and closer to the homestead where they may receive more nutrient inputs such as home wastes (Tittonell et al., 2013) . Additionally, for sites to be productive over long periods, farmers manage soil fertility through traditional means like adding animal manure. In contrast, recently converted natural forest might already have been degraded bushland (due to exploitation for firewood), coupled with high nutrient stock turnover due to bush burning and tillage during land clearing.
Conclusions
This is one of the first studies analyzing effects of landscape position, land use, and soil texture on the soil GHG fluxes in East Africa. Spatial variability of GHG fluxes in this system was high with land use and soil texture as important factors driving this variability. Among the converted land uses for research question 1, perennial crops exhibited the highest soil N 2 O and CO 2 fluxes followed by eucalyptus plantation, while the lowest fluxes were measured in soils from annual crops. However, given that the area occupied by annual crops is twice that of perennial crops, the contribution of annual cropping systems to soil fluxes at the landscape scale may surpass that of the soils under eucalyptus and equate that of perennial crops. It is important to note, however, that these are soil fluxes from incubated soil cores. Hence, these findings need to be considered carefully as they do not include previous gaseous losses (i.e., did the converted land lose most of the C and N in the years before we sampled), nor do incubation studies include information on CO 2 sequestration in plant biomass via photosynthesis. Further in situ studies are recommended to address these questions. Converted land uses showed reduced fluxes compared to natural forest. As a previous study in the region found a correlation between emissions from soil core incubations and annual field emissions (Pelster et al., 2017) , we believe that our results also resemble the relative rankings of in situ annual fluxes, suggesting that the soils under perennial crops are most likely to be GHG flux hot spots. However, this needs to be confirmed through measurement of in situ GHG fluxes in the region.
